INTRODUCTION
Recent molecular biological analyses of mitochondrial deoxyribonucleic acids (mtDNAs) and chloroplast deoxyribonucleic acids (chiDNAs) have revealed many interesting and unexpected and some totally unique features of these genomes. The mtDNAs of unicellular organisms vary greatly in size, shape, and gene arrangement, with some of the genes having organizations not previously observed in bacterial or eucaryotic genomes. By contrast, animal mtDNAs are strikingly uniform in structure and contain an extraordinary gene arrangement which permits maximum exploitation of their coding capacity. Similarly, the chIDNAs of unicellular eucaryotes are more variable in size and organization than the chlDNAs of vascular plants. Nevertheless, the organization and sequence of many chlDNA genes are highly homologous to the organization and sequence of bacterial genes, and some cloned chloroplast genes have even been expressed in Escherichia coli.
Analyses of the amino acid coding sequences of organelle DNAs have yielded an even greater surprise. The genetic codes of mtDNAs differ from those of all other organisms and even from each other. However, chiDNAs retain the universal code present in bacteria.
These unique and varied characteristics have rekindled interest in the ongin and evolution of mitochondria and chloroplasts. Are these organelles highly evolved endosymbionts (6, 253, 264, 389) which still retain remnants of their original DNAs and associated replication, transcription, and translation systems (154, 275-277, 309, 313, 315) , or are they simply advanced procaryotic algae in which the energy production membranes have been elaborated and have trapped cellular DNA, enzymes, and ribosomes (5, 85, 201) ?
I have collated the data on organelle genomes available up to October 1981 and used these data to propose empirical generalizations and evolutionary relationships about organelle DNAs. The combined conclusions have been integrated into a scenario for the evolution of these unique and essential eucaryotic DNAs.
ORGANELLE GENOME SIZE AND SHAPE Substantial data have been accumulated on the sizes and shapes of organelle genomes (57, ORGANELLE DNAs 209 are much smaller than DNAs of bacteria (272, 377) and are incapable of coding for all of the mitochondrial and chloroplast proteins. Many key enzymes, including mitochondrial DNA polymerase (32, 45, 316, 384) and mitochondrial and chloroplast ribonucleic acid (RNA) polymerases (16, 17, 91), ribosomal proteins, and translation factors (17, 91, 96, 211, 217, 322) are synthesized in the cytosol and are presumably encoded in the nucleus.
Size and Shape of Mitochondrial Deoxyribonucleic Acids (DNAs) The mitochondrial genomes of unicellular eucaryotes exist in three alternative forms: closed circular, linear, and aggregates of large and small circles (Table 1) . The closed circular monomer is the most common form.
Circular mtDNAs are found in fungi, slime molds, algae, and certain protozoa. These DNAs range from 31 ,um long (62 megadaltons [Md] ) in the fungus Podospora anserina to approximately 5 p.m long (about 10 Md) in Chlamydomonas reinhardtii. Certain Neurospora strains also contain 3.3-to 3.4-kilobase circular mitochondrial plasmids (104) . Linear mtDNA molecules with sizes between 25 and 35 Md have been found primarily in the ciliates Paramecium and Tetrahymena, although one linear mtDNA has been described for the yeast Hansenula Circle (mini) 0.32 0.56 a Constants for changing the units of genome size have been described previously (272) .
VOL. 46, 1982 210 WALLACE mrakii. mtDNAs composed of complex aggregates of large and small circles (maxicircles and minicircles) are found exclusively in the kinetoplasts of the Trypanosomatidae. Minicircles lack long amino acid coding frames (20) , and only the 13-to 25-Md maxicircles are transcribed (62, 186) .
The extensive variation in mitochondrial genome size found in the unicellular eucaryotes is not present in multicellular animals. Of 33 animal mtDNAs examined (from flatworms to humans), all are circles of approximately 5 Fam (10 Md), or 16 to 17 kilobase pairs (Table 2) (75, 177, 360) . Only Drosophila mtDNAs deviate from this size, due to a variable adenime-plusthymine (A+T)-rich region around the replication origin (393) .
The coding capacities of plant mtDNAs are much greater than those of any other mtDNA, although the exact sizes and shapes of these DNAs remain unclear (Table 3) . Electron microscope and gel electrophoresis studies have revealed a wide variety of circular and linear molecules, which vary in number and size between species, although 30-pim circular elements seem to be a common feature. Cesium chlorideethidium bromide gradients have revealed large amounts of open circular or linear DNA (115, 116) . This complexity has been confirmed by both DNA renaturation kinetics and restriction 10.8 9.6-10.2 a Constants for changing the units of genome size have been described previously (272 (378) . Several plant mtDNAs have also been found to contain repetitive sequences of 2 to 4 Md (378) . Digestion of plant mtDNAs with restriction endonucleases yields numerous fragments, many in greater than equimolar quantities. The sum of these fragnents yields genome sizes ranging from 90 to 230 Md when overlapping bands are ignored and from 231 to 495 Md (378) when multiple fragment bands are counted (Table 3). The variety offragment sizes is not due to restriction site methylation (50).
The smaller closed circular molecules of tobacco, bean, and corn mtDNAs have been found to contain sequences homologous to the larger discrete mtDNA elements of the corresponding cells. Further, in beans and tobacco, the second smallest element is a dimer of the smallest element. The tobacco monomer hybridizes to most tobacco mitochondrial RNAs, and the bean monomer hybridizes to two RNAs (both longer than the DNA). In contrast, the two smallest corn molecules do not share homology, and they hybridize to one common transcript and one unique transcript (115) . Even so, each cloned restriction fragment from corn generally hybridizes only to its fragment of origin (337) .
These results suggest that plant mtDNAs are composed of a series of discrete sequences which can be located on a variety of genomic elements of different sizes.
Plant mtDNAs appear to be relatively fluid. Two different cultured cell lines from a single tobacco strain yielded the same mtDNA restriction fragments, but contained different populations of mtDNA molecules (116) . Many species of plants are subject to cytoplasmic male sterility (132) , which correlates with the gain or loss of specific mtDNA elements in corn and sugar beet (197, 224, 299) . In corn, reversion from S 212 WALLACE strain male sterility to normal results in the loss of two linear elements, S-1 and S-2. These sequences become integrated into other mtDNA genomic elements (224, 225) , perhaps by transposition (80, (224) (225) (226) 337) . Both S-1 and S-2 are located beside the same 26-kilobase repeated sequence in normal strains (239) . Since changes between normal corn and T and S strain malesterile corn are associated with alterations in the mitochondrially synthesized polypeptides (145, 146, 222) , it is tempting to speculate that these changes may regulate mtDNA gene expression.
Thus, plant mtDNA sequences appear to be complex and fluid. The genomic sequences could be distributed among a number of separate genome elements, or they could be located primarily in one large genomic DNA with which a number of smaller genetic elements are associated.
Size and Shape of Chloroplast DNAs All green alga and higher plant chlDNAs are single closed circular molecules. The chlDNAs of the algae differ greatly in size from each other. The alga Acetabularia (Chlorophyta) has the largest chlDNA (1,500 Md), which is equivalent to a medium-sized bacterial genome (Table 4) (377) . This chlDNA can be isolated as a nucleoid (Table 3) . Liverwort, pea, and broad bean chlDNAs are slightly smaller.
The chlDNA of the golden alga Olisthodiscus (Chrysophyta) differs from other chlDNAs. This DNA contains three genomic elements which are 44, 22, and 11 ,um long, giving a total genome complexity of 154 Md (2) . This genome and the genomes of the chloromonadophyte algae Gonyostomum and Vacuolaria are packaged in ringshaped beaded structures. The Gonyostomum nucleoid is 55 p.m in circumference (103) .
GEN1E ARRANGEMENT IN ORGANELLE

DNAs
Organelle gene arrangements have now been determined for a variety of organisms. Early studies identified organelle translation products by differential labeling in the presence of cytosol ribosome inhibitors. Cytosol ribosomes are sensitive to cycloheximide, emetine, and anisomycin, whereas organelle ribosomes are sensitive to chloramphenicol (67, 154, 238, 298) . Subsequently, the genes for the organelle-synthesized polypeptides, as well as the ribosomal RNA (rRNA) and transfer RNA (tRNA) genes, were mapped on organelle DNAs by genetic, biochemical, and molecular methods.
Mitochondrial DNA Gene Organizations around the rRNA genes. The sizes of the mitochondrial rRNA genes also vary among species. S. cerevisiae, which has one of the largest fungal mtDNAs, codes for mitochondrial rRNAs of 3,100 and 1,460 nucleotides (338) ; these are similar in size to the E. coli 2,904-nucleotide 23S rRNA (71) and 1,541-nucleotide 16S rRNA (73) . In contrast, K. africana and T. glabrata, which have the smallest yeast mtDNAs, code for mitochondrial rRNAs which are 2,700 and 1,450 to 1,400 nucleotides long (101, 338). Tetrahymena and Paramecium mitochondrial rRNAs are about this same size (2,700 and 1,500 nucleotides) (114) . Trypanosoma brucei rRNAs are the smallest known: the large 12S rRNA is between 1,085 and 1,230 nucleotides long, whereas the small 9S rRNA is between 590 and 640 nucleotides long (60, 62).
The unicellular eucaryotic mtDNAs also differ in the type and arrangement of their polypeptide-encoding genes (Fig. 1) . S. cerevisiae mitochondrial ribosomes synthesize at least nine polypeptides, only seven of which have been identified (343, 359) . These include the three largest cytochrome c oxidase subunits (COI, COII, and COIII), the cytochrome b apoprotein, mitochondrial adenosine triphosphatase (mtATPase) subunits 6 and 9 (subunit 9 is the dicyclo- (189, 331, 358) , and this gene has been located on Neurospora nuclear linkage group VII (331) . Since Neurospora mtDNA still retains sequences homologous to the yeast subunit 9 gene, these sequences must represent a subunit 9 pseudogene (1). Aspergillus mitochondria also synthesize a polypeptide with partial sequence homology to the yeast DCCD-binding protein (1, 212 (78, 372) . The genes for the 21S rRNA (128) , cytochrome b (282, 283) , and COI (52, 53) are split into coding regions (exons) and noncoding intervening sequences (introns), and the introns contain sequences which could code for other proteins.
The presence of introns in fungal large rRNA genes seems to be a common but not consistent feature. Introns are found in the large rRNAs of S. cerevisiae w+ strains, Neurospora, and Aspergillus ( Fig. 1 ), but they are absent in S. cerevisiae o-and wn strains and Saccharomyces carlsbergensis (63, 128, 174, 220) . The w locus of S. cerevisiae maps at or near the intron and controls the direction of gene conversion in the yeast mitochondrial 21S rRNA gene (58, 128, 129) . The sequence of the S. cerevisiae w+ rRNA intron contains an unidentified reading frame (amino acid coding region) of unknown function (128) . This reading frame is apparently not required for processing since the intron is spliced out in petite mutants, which lack mitochondrial protein synthesis (128, 346) , and mitochondrial rRNA splicing mutants in Neurospora are encoded by the nucleus (216, 252) .
The structures of the S. cerevisiae genes for cytochrome b and COI are much more complex. Different strains have different numbers of introns and exons in both genes. In the extreme cases, cytochrome b is separated into six exons and five introns, whereas COI is composed of six to eight exons and five to seven introns. Some of the introns contain open reading frames of considerable length that are continuous with the 3' end of the adjacent exons on the mRNA (53, 59, 221, 282, 368) . It is now clear that the splicing of these genes is at least partially under the control of proteins encoded by some of the exons and by one of the intron sequences. It has been proposed that these sequences code for trans-acting splicing enzymes, termed maturases. These enzymes would be self-regulating since they would destroy their own mRNA by catalyzing the next splicing step (3, 24, 221, 321) . It is interesting that the yeasts K. africana and T. glabrata, which have much smaller mtDNAs, stock 513 (SPI.513) and one for species 5 stock 87 (SP5.87). P. aurelia species 4 rRNAs have also been mapped and have been found to be in the same positions as species 1 rRNAs, except that they are separated by an additional 2 kilobases (Kb) (113) . I and T indicate the positions of initiation and termination of replication, respectively. Where known, genes are delineated by solid boxes. Otherwise, gene locations are indicated by vertical lines. Abbreviations for the proteins are defined in the text (cyt b, cytochrome b). ATP9* on the N. crassa map indicates the silent gene homologous to yeast ATPase subunit 9. tRNA genes (tr) are designated as follows: a, alanine; r, arginine; n, asparagine; d, aspartic acid; c, cysteine; q, glutamine; e, glutamic acid; g, glycine; h, histidine; i, isoleucine; 1, leucine; k, lysine; m, methionine;fm, formyl methionine;f, phenylalanine; p, proline; s, serine; t, threonine; w, tryptophan; y, tyrosine; and v, valine. The numbers after the tRNA designations indicate isoaccepting species. The genetic designations for the S. cerevisiae genes are as follows:
COI, oxi3; ATP 6, ofi2; cyt b, cob-box; ATP 9, olil; varl, mitochondrial ribosomal protein; COII, oxil; COIII, oxi2; and par, paromomycin resistance (occurring either within or beside the 15S rRNA gene). (120, 176) . The DCCD-binding protein appears to be synthesized in the cytosol (119) . Since the DCCD-binding protein is also (33) mtDNAs have permitted the assignment of most of these mitochondrially synthesized polypeptides to mtDNA. The mtATPase subunit 9 gene has not been found in the mtDNA.
Most of the mtDNA genes are encoded by the heavy strand (H-strand). These include the genes for most tRNAs, the rRNAs, COI, COII, COIII, mtATPase subunit 6, cytochrome b, and seven unidentified reading frames (URFs) (8, 10, 19, 33, 108, 140, 317 The most striking feature of animal mtDNAs is their highly efficient organization. Like T. brucei, animal mitochondrial rRNAs are smaller than E. coli rRNAs. Human and mouse mitochondrial 16S rRNAs are 1,559 to 1,582 nucleotides long, and their 12S rRNAs are 953 to 956 nucleotides long (140, 367) . The 12S rRNAs lack the mRNA binding sequence ACCUCC found at the 3' end of the E. coli 16S rRNA (140, 333, 367) .
Animal mtDNAs are strikingly devoid of sequences without coding functions. Intervening sequences, the 3' CCA of the tRNA genes, and the 5' and 3' noncoding regions of polypeptide genes are all absent (8, 21, 22, 33, 289, 305). It has been proposed that animal mtDNA transcription starts at single sites on the H-and Lstrands and continues symmetrically around the genome. The tRNAs, which are interspersed between most of the genes, then fold within the transcripts, and the resulting secondary structures are used as recognition sites for processing of the transcripts into mature tRNAs, mRNAs, and rRNAs (8, 10, 11). The tRNA genes at the 5' ends of polypeptide genes are consistently found within a few nucleotides of the polypeptide start codon. Hence, in the mature mRNAs there are few, if any, nucleotides 5' with respect to the AUG start codon (7, 8, 10, 11, 33, 90, 270, 290, 291) . Since mammalian mitochondrial mRNAs lack 5' cap structures (171) , the mitochondrial ribosomes must initiate translation in a unique fashion. Similarly, the tRNA genes located at the 3' ends of amino acid coding regions lie close to the termination codons. In several instances, the tRNA gene sequence begins before the TAA termination codon is complete. Presumably, the termination codon is completed in the mRNA by the post-transcriptional addition of the approximately 55-nucleotide-long polyadenylate tail (7, 8, 10, 11, 33, 291) .
Unlike many viruses (318) , this efficient utilization of sequences does not include the extensive overlap of genes. The longest overlap which has been found in human and mouse mtDNAs is 43 nucleotides long and is between the mtATPase subunit 6 gene and URF A6L. URFs 4 and 4L and URFs 5 and 6 also overlap by a few nucleotides (8, 33). Thus, animal mtDNAs are characterized by a uniform genetic arrangement among species and by a highly efficient organization.
The variable A+T-rich region around the origin of replication of Drosophila mtDNA is the only known exception to the conservation of animal mtDNA organization. Mammalian and Xenopus mtDNAs replicate by a distinctive Dloop mechanism. Replication of the H-strand begins at an origin shared by the 7S DNA. The nascent DNA is base paired to the L-strand, and replication progresses by displacement synthesis away from the rRNA genes. After approximately two-thirds of the H-strand is replicated, L-strand replication initiates at the newly exposed L-strand origin and continues back in the opposite direction (28, 29, 194, 310) . The H-and L-strand origins have been located at the same sites in human, mouse, and hamster mtDNAs (8, 33, 255, 274, 350) . The sequences around the mouse and human L-strand origins show significant homology (255, 317) , as do the sequences around the rat and mouse H-strand origins. Rodent and human H-strand origins are much less homologous (109, 332) . In contrast, Drosophila mtDNA replication initiates within the A+T-rich region, and no D-loop structure has been observed. H-strand replication proceeds toward the rRNA genes, and the displaced strand does not initiate replication until the synthesis of the first strand is essentially complete (160). The genetic basis of these differences remains to be determined.
Organization (150) .
Chloroplast DNA Gene Organization Organization of uniceilular eucaryotic chloroplast DNAs. Analyses of the chloroplast genes of the single-celled algae have revealed considerable variation among species. The Chlamydomonas chIDNA contains an inverted repeat, with each repeat containing one set of rRNA genes. These genes are organized and transcribed in the same order as E. coli rRNA operons (Fig. 3) and contain tRNAs in the 16S to 23S spacer. Unlike E. coli, the Chlamydomonas 23S rRNA contains an intron (4) and additional 3S and 7S RNA species. The inverted repeats define two regions of single-copy DNA roughly comparable in size. Loose clusters of tRNA genes have been located in both of these regions (Fig. 3) .
The chloroplast ribosomes of the chlorophyte algae Chlamydomonas and Acetabularia synthesize the larger of the two ribulose-1,5-diphosphate carboxylase (RuDPCase) subunits, a major thylakoid protein of about 32 kilodaltons, the apoprotein of chlorophyll-protein complex I, and probably components of chloroplast adenosine triphosphatase (chLATPase) coupling factor 1 and ribosomal proteins (40, 154, 168, 251) . Chloroplast elongation factor G of Chlorella is also synthesized on chloroplast ribosomes (93, 94, 97) . In contrast, the small subunit of RuDPCase and the apoprotein of chlorophyll-protein complex II of Acetabularia and Chlamydomonas are synthesized on cytosol ribosomes (154, 168) . The gene for the large subunit of RuDPCase has been cloned and mapped on Chlamydomonas chlDNA to the single-copy DNA region bounded by the 5S rRNA genes (251) .
Unlike Chlamydomonas, the chlDNA of the euglenophyte alga Euglena codes for three rRNA operons which are tightly clustered in a tandem array. Some strains may also have an extra 16S rRNA gene (191) . These rRNA operons are organized in the same manner as the operons of E. coli, and no introns have been found in these genes (Fig. 3) . The nucleotide sequence of the 3' end of the Euglena chloroplast 16S rRNA and the 16S to 23S rRNA spacer has revealed a high degree of homology to the E. coli rRNA operons. The 3' end of the Euglena gracilis 16S rRNA ends in AACAACUCN, the terminal five nucleotides of which are similar to the E. coli mRNA recognition sequence ACCUCC. In addition, the Euglena rRNA spacers contain isoleucine and alanine tRNAs in the same order as E. coli rRNA operons, and the tRNAs and spacers have a high degree of homology to the tRNAs and spacers of E. coli (164, 293, 3%) . The E. coli and Euglena spacer tRNAs differ in one respect. The Euglena tRNA genes do not code for the 3' CCA, even though three different nucleotides are still present in the appropriate locations (164) . Thus, the Euglena chloroplast tRNA 3' CCA must be added post-transcriptionally. The Euglena chlDNA tRNA genes outside the rRNA operons are loosely clustered.
Euglena differs from the chlorophyte algae in that bacterium-like chloroplast elongation factors G and T are synthesized on cytosol ribosomes rather than chloroplast ribosomes (68, 69, 149, 336) . No polypeptide genes have been mapped on the Euglena chlDNA.
Organization of vascular plant chloroplast DNAs. Like animal mtDNAs, higher plant chlDNAs have a relatively uniform gene organization (Fig. 3) . Virtually all vascular plant chlDNAs contain two copies of the rRNA genes located within inverted repeats, which define two unequal regions of single-copy DNA. The pea (Pisum sativum) and the broad bean (Vicia the text. The rRNA regions of several chlDNAs are expanded 10-fold below the left-hand portions of the maps to show more detail. The expanded portions are indicated by arrows on the map. Both the tRNAHiS gene (328) and the gene for the large subunit of RuDPCase (LS RuDPCase) (235) of Z. mays have unidentified genes immediately adjacent to their 5' ends, but in the opposite orientation. The dots in the Z. mays 23S rRNA gene represent inverted repeats not found in the E. coli gene (131) . A heteroduplex analysis has shown that the P. sativum rRNA operon is highly homologous to the rRNA operon of Z. mays throughout its length. Presumably then, the gene order is identical in these two chlDNAs (218) . The data are from the following references: E. gracilis, references 77, 111, 136, 155, 164, 166, 175, 191, 196, 292, 293 (206, 208, 218, 2%, 352) . Liverwort chIDNA, which is similar in size to pea chlDNA, may also contain a single rRNA operon.
The size and organization of the vascular plant chIDNA rRNA genes are very similar to the size and organization of the E. coli rRNA genes. However, vascular plant chiDNAs contain a 4.5S rRNA distal to the 23S rRNA which corresponds to the 3' end of E. coli 23S rRNA (157, 241, 246) . The similarity in gene organization has been powerfully illustrated by the recently published sequences of the corn chlDNA rRNA operon. Corn chloroplast and E. coli large and small rRNAs share approximately 70% homology (131, 326) . In addition, the corn chlDNA 16S to 23S rRNA spacer contains isoleucine and alanine tRNAs in the same order found in E. coli (204, 271, 396) .
Introns have not been found in corn chloroplast rRNA genes, but the rRNA spacer isoleucine and alanine tRNA genes do contain 949-and 806-base pair introns, respectively. These introns are homologous to each other and contain open reading frames and inverted terminal repeats (204) . DNA heteroduplexes between a cloned corn rRNA operon and pea chlDNA have revealed nearly perfect homology. This suggests that the rRNA operons that include tRNA introns may be common to all plants (218).
The arrangement of tRNA genes also appears to be conserved within vascular plant chlDNAs. The 3' CCA sequence is added post-transcriptionally, and except for the rRNA spacer tRNAs, chloroplast tRNAs lack introns (204, 327, 329, 356) . The tRNA genes of spinach and corn are primarily clustered in the center of the large region of single-copy DNA. Some tRNAs, including those for isoleucine and leucine, are located in the same positions within the inverted repeats (Fig. 3) . In both corn and tobacco chlDNAs, a valine tRNA has been identified within 200 to 300 nucleotides of the 5' end of the 16S rRNA (329, 356) .
Chloroplasts of higher plants synthesize more than 80 polypeptides. These include all of the proteins which have been found to be translated on the chloroplast ribosomes of the chlorophyte algae. In addition, vascular plant chloroplasts synthesize three or four of the chlATPase coupling factor 1 subunits, the DCCD-binding protein, possibly a second chlATPase membrane polypeptide, cytochrome f, cytochrome b559, nicotinamide adenine dinucleotide phosphatelinked malate dehydrogenase, chloroplast elongation factors G and T, and possibly the apoproteins of chlorophyll-protein complexes III and IV (91, 92, 95, 97, 137, 138, 152, 279, 280, 355,   398 ). As in the chlorophyte algae, the small subunit of RuDPCase and the apoprotein of chlorophyll-protein complex II are synthesized on cytosol ribosomes (27, 91).
The genes for the large subunit of RuDPCase and the 32-kilodalton thylakoid protein have been mapped to similar locations on a number of plant chlDNAs (large subunit of RuDPCase on corn, mustard, spinach, and wheat, and the 32-kilodalton thylakoid protein on corn and mustard) (Fig. 3) . Mung bean chlDNA, which has two r$NA operons, and pea chlDNA, which has one, have a high degree of sequence homology but different sequence arrangements. Since chiDNAs having the inverted repeat seem to have a relatively conserved gene order, it has been proposed that the inverted repeat helps stabilize the chlDNA. If so, the rearrangements in pea chiDNA could have occurred after a loss of an rRNA operon repeat (295) .
Like the rRNA genes, the transcription and translation signals of vascular plant chlDNAs are highly homologous to those of E. coli. The corn (151, 263) and spinach RuDPCase genes (401) and the tobacco chIDNA rRNA operon (356) are all preceded by sequences that are homologous to bacterial promoters. The 3' end of the chlDNA 16S rRNA gene has the same secondary structure as E. coli 16S rRNA and ends in the bacterial ACCUCCUUA-OH sequence (328, 333, 367) . The complementary AG-GAGG sequence is located in the 5' noncoding region of the genes for the large subunit of RuDPCase (263, 401) . In fact, when plasmids carrying the corn and wheat RuDPCase genes were transferred into E. coli, the RuDPCase gene was expressed (151 (34, 125, 153) . Since no comparable splicing mechanisms have been observed in eucaryotic nuclei (227, 228) , it is possible that these splicing systems were a component of the protomitochondrial genome before the formation of the organelle.
ORGANELLE GENETIC CODES
The genetic code has generally been considered to be universal (110, 379 Mammalian and fungal mtDNAs code for far fewer tRNAs than the 32 tRNAs required by the wobble hypothesis (110) . Human and mouse mtDNAs code for 22 tRNAs (8, 33), whereas yeast mtDNA codes for 24 tRNAs (51). This major reduction in the number of tRNAs is accomplished by having a single tRNA recognize all of the codons in each of the four codon family boxes: leucine (CUN), valine (GUN), serine (UCN), proline (CCN), threonine (ACN), alanine (GCN), arginine (CGN), and glycine (GGN) (N is defined as any of the four bases in the third position). In yeast, Neurospora, Aspergillus, mouse, and human mtDNAs, this reduction correlates with the presence of a uridine in the 5' wobble position of the tRNA anticodon. This uridine is unmodified in Neurospora mitochondrial tRNAs (18, 33, 51, 180, 205) . In the universal code, a 5' anticodon uridine is modified and can only read an adenine or a guanine in the third (3') codon position (110) . This decreased constraint on the 5' anticodon nucleotide is found in those mitochondrial tRNAs which recognize codon families with the stronger guaninecytosine base pairs in the first two positions. This discovery has revived the twoout-of-three reading hypothesis (215) .
Mammalian and fungal mitochondria have also been found to utilize both the tryptophan codon (UGG) and the opal stop codon (UGA) to code for tryptophan (18, 33, 51, 180, 205, 395) . This is accomplished by the alteration of the tryptophan tRNA anticodon from 3'-ACC-5' to 3'-ACU-5' (8, 180, 205, 257) .
Although sharing these common features, the mitochondrial genetic codes offungal and animal species differ. Unlike human, bovine, mouse, and Aspergillus mitochondria, yeast mitochondria use the CUN family for threonine instead of leucine (51, 205, 233) . Aspergillus mtDNA has three methionine tRNAs, yeast has two, and mouse and human mtDNAs may have only one.
In yeast and Asperg'illus, all methionine tRNAs have 3'-UAC-5' anticodons, which recognize only AUG. The adjacent codon, AUA, is translated into isoleucine. The methionine tRNA of animal mtDNAs has the anticodon 3'-UAC-5', yet it is likely that certain URFs are initiated at the isoleucine codons AGA and AUU in human mtDNA and AUA, AUU, and AUC in mouse mtDNA. The molecular mechanism by which these codons are recognized by the methionine tRNA is not known (8, 10, 18, 33, 51).
Yeast and animal mtDNAs also differ in their use of arginine codons. Animal mtDNAs lack a tRNA to translate the arginine codons AGA and AGG; this makes these codons termination codons. Animal mtDNAs do have a tRNA with a 3'-GCU-5' anticodon for the arginine CGN fourmember family box (18, 33, 395). Yeasts have two arginine tRNAs, one (3'-UCU-5') to read codons AGA and AGG and a second (3'-GCA-5') to read codons of the CGN family (52). However, the anticodon 3'-GCA-5' should only recognize codons CGU and CGC, not CGA and CGG (110) . Since What is the significance of these novel coding systems? The alteration of the recognition rules of the base in the third position permits a simpler translation system. This might be a more primitive code, or it might be the result of the strong selective pressure to reduce the mtDNA genome size. Since the universal code can be converted directly into the simpler mitochondrial code by cessation of modification of the wobble position uridine in certain tRNAs, it seems most likely that the mitochondrial code evolved from the universal code by loss of this constraint. This alteration then became established because it permitted deletion of tRNA genes, which resulted in genome reduction. The retention of two glycine tRNAs (3'-CCU-5' and 3'-CCA-5') in Aspergillus mitochondria (205) confirms this proposal, for it implies that at one time all four codon families employed two tRNAs.
Once the tRNA redundancy was reduced, further alterations in the mtDNA codon recognition rules could have occurred by simple mutations or deletions of the remaining tRNA genes. These mutations may have become established because they minimized the deleterious effects of accidental transfer of mRNAs between the mitochondria and the cytosol.
The mitochondria occupy up to 20% of the cytoplasm of eucaryotic cells (223) , and each mitochondrion contains high molar concentrations of only a few mRNAs. If the mitochondrial membranes were damaged, these mRNAs would be released into the cytosol. Before changes in the mitochondrial translation system and genetic code, the mitochondrial mRNAs would have competed with the less prevalent cytosol mRNAs for the cytosol ribosomes. This would (33) , and exclusively in yeast mtDNA (51). It has been observed that Xenopus oocytes cannot charge mitochondrial tryptophan tRNA when it is microinjected into the cytosol (259). This is consistent with the hypothesis proposed above. If the cytosol tryptophan tRNA synthetase could charge the mitochondrial tryptophan tRNA, released mitochondrial tRNA would both suppress essential opal codons in cytosol mRNAs and permit translation of released mitochondrial mRNAs.
Leakage of cytosol mRNAs into the mitochondrion could similarly decrease the efficiency of mitochondrial translation. If the mitochondrion lacked a tRNA for one or more of the commonly used cytosol codons, then mitochondrial translation of cytosolic mRNAs would be prematurely terminated. The amino acids serine, isoleucine, and arginine are unique in the genetic code. Each has six codons and, even with the simplified mtDNA code, must have at least two tRNAs. The loss of one of these tRNAs would create new mtDNA stop codons without forfeiting the use of an amino acid. Of the three amino acids, arginine is used least frequently in mitochondrial polypeptides (18, 51). The loss of two arginine codons would create an effective translational block for the cytosol mRNAs and would have the least deleterious effect on mitochondrial translation.
Because of these reciprocal translation barriers, any mRNAs that were exchanged between the mitochondria and cytosol would have had to use the coding system in which the mRNA was to be read. It has been proposed that most of the varl mRNA is encoded in the nucleus (78, 372 The genetic code of higher plant mtDNAs is much more closely related to the universal code than the codes of the fungal and animal mtDNAs are. The sequence of the corn mitochondrial COII gene includes virtually all of the universal codons, and these codons correlate with the expected amino acids. Five tryptophan UGG codons are used, but no UGA codons. Thus, UGA must still be a termination codon. The use of the CGG arginine codon is the only deviation from the universal code; this codon codes for tryptophan instead of arginine. This creates a 3:1 split in the arginine CGN family, similar to the isoleucine-methionine split found for the AUN codons (150) . A single mutation in a tryptophan tRNA anticodon (from 3'-ACC-5' to 3'-GCC-5') could account for this change.
The observed variation in the mtDNA genetic code among organisms suggests that the changes were established at different times during the evolution of the mtDNAs. Since plant mtDNAs use an arginine codon and animal and fungal mtDNAs use the opal codon for tryptophan, these changes must have occurred after the divergence of the plant and animal-fungal mtDNA lineages. The animal and fungal mtDNAs, in turn, differ in their use of arginine, isoleucine, and leucine codons. Hence, these changes probably occurred after the divergence of animal and fungal mitochondria.
The chIDNAs of higher plants do not seem to have the alterations in codon usage found in mtDNAs. The complete nucleotide sequence of the RuDPCase large subunit gene of spinach and maize has 475 amino acids containing six universal UGG tryptophan codons but no opal codons (263, 401) . The tryptophan tRNA from spinach has been sequenced and has the anticodon 3'-ACC-5', which according to normal rules would not recognize the UGA opal codon (82) . Almost all of the universal codons are used in the VOL. 46, 1982 (173, 262, 326) . Thus, it remains possible that the uridine wobble rule used by mtDNAs may also be used by plant chiDNAs.
ORIGIN OF ORGANELLE DNAs
Presently, there are two major hypotheses on the origin of organeile DNAs: progressive filiation and endosymbiosis. Recent biochemical and molecular biological analyses have provided substantial support for the endosymbiosis hypothesis.
Current Formulations of the Hypotheses The progressive filiation hypothesis contends that all eucaryotic cell organelle DNAs evolved from fragmentation and compartmentalization of the genome of an advanced photosynthetic procaryotic alga. This presumably occurred by a series of small changes, possibly motivated by increased needs for energy, which caused the expansion of the photosynthetic and oxidative membranes. Genome fragments generated by genome duplication (308) , episomes (266, 303) , or clusters of genes called cluster clones (38, 361) became associated with the membranes and were encapsulated due to membrane invagination, budding, and fusion. The resulting eucaryotic alga with mitochondria and chloroplasts then gave rise to oxidative eucaryotic cells by loss of its chloroplasts (5, 38, 85, 201, 266, 303, 308, 361, 362) .
The endosymbiosis hypothesis proposes that the eucaryotic cell was assembled by a series of symbiotic events. As a result, the nucleus-cytosol component, mitochondrion, and chloroplast were each derived from a different phylogenetic lineage. The nucleus-cytosol component is generally thought to have been derived from a glycolytic, probably predatory, microorganism (102, 143, 192, 253, 254, 306, 339, 340, 351, 387) .
Ancestors of Thermoplasma spp. have been proposed recently (330, 370) . These organisms are archaebacteria, procaryotes whose 16S rRNA sequences differ as much from those of the eubacteria as they do from the 18S rRNAs of eucaryotic nuclei. The archaebacteria (third primary biological kingdom) are considered to be primitive because of their small genomes, their variable cell wall compositions, the anaerobic methane metabolism of certain genera, their unique lipids, and the nucleotide sequence of the Thermoplasma methionine initiation tRNA. This tRNA is highly homologous to the proposed ancestral tRNA quasispecies ( (198, 240, 330, 370, 390, 399) .
It has been proposed that mitochondria originated from symbiosis of an organism having a physiology comparable to that of modern Paracoccus denitrificans (192, 385) . Each type of eucaryotic chloroplast was derived from a symbiotic relationship with a different procaryotic algal lineage (254, 306, 340, 351, 386, 387) . A symbiotic origin has also been proposed for the spindle and cilia (254) . Although structural RNAs have been found in the basal bodies of cilia (183), there is no evidence that these structures are genetically autonomous, and they are not discussed here.
Both hypotheses envision further organelle evolution by progressive deletion of organelle DNA genes and acquisition of the deleted functions by the nucleus. Proposed mechanisms include deletion of organelle genes duplicated in the nucleus, duplication and adaptation of nuclear genes to fulfill functions within the organelle, and direct transfer of genes from the organelle DNA to the nucleus. The transfer of the fungal mtATPase subunit 9 to the nucleus is an example of this latter process. Not surprisingly, mtATPase subunit 9 is the only yeast mtDNA protein which lacks tryptophan and, therefore, would contain no UGA stop codons (184, 243, 248, 359) .
Analysis of the Theories Interpretation of the data. Since both hypotheses propose a bacterial origin for mitochondria and chloroplasts (361, 362) , there are only two ways by which the two theories can be distinguished. The first is the point of divergence of the nuclear and organelle DNAs. Progressive filiation predicts that the nuclear and organelle DNAs diverged at the same time from the same advanced procaryotic algal DNA. In contrast, endosymbiosis predicts that each eucaryotic DNA was derived from a different DNA lineage, with the nuclear DNA diverging from the organelle DNAs long before eucaryotic cells arose. The second distinction is the number of independent origin events proposed for the organelles. Progressive filiation predicts only one origin for all organelle types, whereas endosymbiosis predicts independent origins for mitochondria and chloroplasts and is compatible with multiple origins for each organelle type.
The following two assumptions have been Optimally, an analysis of the sequence data should permit the reconstruction of the ancestral sequences at the nodes and the definition of the exact sequence of events which led to the different genomic lineages. Unfortunately, such predictions become increasingly difficult as the sequences become more divergent, even though mathematical procedures have been developed to optimize the reliability of tree construction (117, 118, 323) . Deduction of secondary structures and analysis of highly conserved sequences can often assist in refining trees. On the basis of these considerations, the best comparative data for organelle and nuclear DNAs come from the nucleotide sequences of the tRNAs, 5S rRNAs, small rRNAs, and large rRNAs and the biochemical data on protein synthesis elongation factors.
Extensive sequence data for the methionine initiation tRNA and the phenylalanine tRNA are available. The methionine initiation tRNAs of the eubacteria, chloroplasts, and mitochondria are formylated, whereas those of eucaryotic nuclei and archaebacteria are not (390, 399) . The tRNA sequences of chloroplasts are most homologous to those of the blue-green algae (Cyanophyta). These sequences lie within the cluster of eubacterial sequences. The eucaryotic nuclear tRNAs cluster in a separate group, as do the available archaebacterial sequences and the mitochondrial sequences (8, 33, 79, 81, 83, 86, 134, 135, 178, 261, 324) .
The sequences of the 120-nucleotide 5S rRNAs have been determined for numerous eubacteria, chloroplasts, mitochondria, eucaryotic nuclei, and archaebacteria. The 5S gene sequences of chloroplasts are closely associated with those of the blue-green algae and within the more diverse, but distinctive, eubacterial lineage. Eucaryotic nuclear 5S rRNAs form a separate group, as do the archaebacterial and wheat mitochondrial 5S rRNA sequences (121, 165, 213, 240, 323, 349) .
Data on small rRNAs have been obtained by comparing the sequences of Ti oligonucleotides and by direct sequence analysis. Ti oligonucleotide sequences have separated the eubacterial, eucaryotic nuclear, and archaebacterial small rRNAs into separate kingdoms and have revealed extensive homologies between the chloroplast and blue-green alga small rRNAs (47, 48, 126, 148, 391, 397) . Similarly, the wheat mitochondrial 18S rRNA has been found to be much more homologous to the bacterial 16S rRNAs than to the wheat cytosol 18S rRNA (46) . The 3'-terminal sequences of chloroplast 16S rRNAs are also closely related to those of the blue-green algae (55), and the complete nucleotide sequences of the corn chloroplast and E. coli 16S RNAs have revealed a level of homology of approximately 70% (328) . Analysis of the secondary structure of small rRNA sequences has confirmed the homology between chloroplast and E. coli small rRNAs. Many sequence differences between corn chloroplasts and E. coli occur in double-stranded regions, and these differences are associated with complementary changes in the other strand (84, 344, 402) . The 18S cytosolic rRNA sequences of S. cerevisiae and Xenopus laevis form a highly, homologous group distinct from the sequences of corn chloroplasts and E. coli. The human and mouse mitochondrial 12S rRNAs form a third group and lack many of the stems and loops found in the other two groups of small rRNAs. Certain single-stranded regions of the mitochondrial 12S rRNAs are highly conserved and show substantial homology between bacterial and mitochondrial small rRNAs (402) .
The complete nucleotide sequences and their deduced secondary structures are also available for the 23S rRNAs of E. coli and corn chloroplasts and the 16S rRNAs of human and mouse mitochondria. To compare the sequences of these rRNAs, it is essential that the associated small rRNAs be included. The eucaryotic cytosol 5.8S rRNA is equivalent to the 5' end of the bacterial 23S rRNA (66, 107, 190, 278, 374) . The VOL. 46, 1982 on January 4, 2018 by guest http://mmbr.asm.org/ Downloaded from 226 WALLACE chloroplast 4.5S RNA is equivalent to the 3' ends of the bacterial 23S rRNA and the eucaryotic 28S rRNA (157, 241, 246) , although previously thought otherwise (388) . The combined corn 23S and 4.5S rRNAs have approximately 71% homology with the E. coli 23S rRNA (131) . The secondary structures of the two species are identical and reveal numerous compensatory mutations in double-stranded regions. The mouse and human mitochondrial 16S rRNAs can be arranged in secondary structures having central features similar to those of E. coli, but with many structures deleted. Again, the sequences of the single-stranded regions are the most highly conserved (66, 157).
Additional information has been obtained by analysis of a highly conserved region of the large rRNA gene near the 3' end of the rRNA. This region lies between nucleotides 2,042 and 2,625 of the E. coli 23S rRNA sequence (66, 157) and encompasses all of the nucleotide changes identified by sequencing chloramphenicol-resistant mutants in yeast (129) , mouse (76) , and human (375, 376) mtDNAs (Fig. 4) (35, 37, 128, 195) . Chloramphenicol blocks peptidyl transfer, and together with other data (13), the localization of chloramphenicol resistance mutations in this region suggests that this sequence is associated with the peptidyl transferase active site. A comparison of the sequences in this region from three mtDNAs, corn chIDNA, E. coli DNA, and Physarum nuclear DNA revealed two highly conserved single-stranded regions, a 13-nucleotide "left-hand box" and a l1-nucleotide "righthand box." In these regions, the sequences for
.tDNA the three mtIDNAs and the chlDNA are identical and are also closely related to the bacterial sequence, differing by only two nucleotides in the left-hand box. The organelle and E. coli sequences differ from the Physarum nuclear gene sequence by four to five nucleotide changes dispersed over both conserved regions. These results are consistent with the hypothesis that the E. coli and organelie rRNA genes diverged from each other more recently than the bacterial and eucaryotic nuclear rRNA genes. It is intriguing that one of the nucleotide differences in the Physarum sequence in the lefthand box (uridine instead of adenine) is adjacent to the nucleotide change in the chloramphenicolresistant human mitochondrial mutant HT102W. It is possible that this change imparted chloramphenicol resistance to the ancestral 80S ribosome. Since the archaebacteria are also chloramphenicol resistant (390, 399) , it will be interesting to determine whether the archaebacterial sequence in this region is comparable to the sequence in Physarum.
The elongation factors of vascular plants and chlorophyte algae can also be used to determine the order of branching for the eubacteria, archaebacteria, eucaryotic nuclei, and chIDNAs since these polypeptides are encoded on the chIDNAs (92, 94, 95, 97, 355) . The archaebacterial and eucaryotic nuclear elongation factors react to diphtheria toxin and nicotinamide adenine dinucleotide, whereas the analogous eubacterial elongation factor G does not (198) . Since chloroplast elongation factor G is known to function in E. coli in vitro protein-synthesizing Chloramphenicol resistance mutations and sequence homologies occurring at the 3' ends of different large rRNAs. The rRNA sequences presented were deduced from the corresponding DNA sequences. The Physarum nuclear 28S rRNA sequence (284) corresponds to nucleotides 149 to 165 and to nucleotides 1,157 to 1,223 (nucleotides 166 to 1,156 represent the intron present in the gene but absent at the RNA level). The human 16S rRNA mtDNA sequence (8) corresponds to nucleotides 2,920 to 3,003, the mouse L A9 mtDNA sequence (367) corresponds to nucleotides 2,486 to 2,570, the yeast 21S rRNA mtDNA sequence (128) corresponds to nucleotides -77 to +7 of the w-strain, the Z. mays (mays) chIDNA sequence (131) corresponds to nucleotides 2,528 to 2,612, and the E. coli 23S rRNA sequence (71) corresponds to nucleotides 2,433 to 2,516. The two largest homologous sequences observed between the three mtDNA rRNAs (human, mouse, and yeast) and the corn chlDNA are enclosed in solid boxes (13 nucleotides on the left and 10 nucleotides on the right). The corresponding homologous regions of the Physarum and E. coli sequences are also included. The dotted boxes show additional complete sequence homologies among the five organisms. The changes in the mtDNA sequences associated with chloramphenicol resistance in human cell lines HT102W, 296-1, and MC63 (35, 195) are indicated by solid dots, the changes in mouse cell lines 3T3CAPR and 501-1 (37, 195) systems and share sensitivity to fusidic acid and common antigenic determinants with E. coli elongation factor G (69, 93, 336) , it is likely that they are also resistant to diphtheria toxin. Therefore, the chloroplast and eubacterial elongation factors cluster in a group separate from the elongation factors of the archaebacteria and eucaryotic nuclei. All of these data are consistent with the hypothesis that the chlDNA genes diverged from the blue-green algae well after the divergence of the eubacterial and eucaryotic nuclear lines. Therefore, chlDNAs must have originated by a symbiotic event between members of the eubacteria and eucaryotic nuclear lineages. Similarly, sequence data have indicated that the mtDNA rRNA genes are more homologous to bacterial rRNA genes than to rRNA genes of eucaryotic nuclei. They too probably also had an endosymbiotic origin.
Monophyletic origin versus polyphyletic origin. The progressive filiation and endosymbiotic hypotheses can also be distinguished by the number of independent organelle origins predicted. Analyses of chloroplast and procaryotic algal pigments have provided a test for this distinction. The chloroplasts of extant eucaryotic algae have at least four different types of photosynthetic pigments (44, 306, 340) . The red algae (Rhodophyta), including Porphyridium, contain chlorophyll a and phycobilins. The green algae (Euglenophyta, Charophyta, and Chlorophyta) contain chlorophylls a and b. The golden algae and the dinoflagellates (Chrysophyta and Pyrrhophyta) contain chlorophylls a and c. The cryptomonads (Crytophyta) contain chlorophylls a and c and phycobilins.
Progressive filiation attributes this variation to the divergence of pigments from the chlorophyll a and phycobilins present in the protoeucaryotic blue-green alga. However, a new procaryotic alga, Prochloron (Prochlorophyta), has been discovered recently, which contains chlorophylls a and b (229-232, 354, 387 ). An explanation of this coincidence within the progressive filiation hypothesis requires convergent evolution in the procaryotic and eucaryotic lines. It is more readily explained as two separate symbiotic events by the endosymbiotic hypothesis (306) .
Studies of chloroplast 16S rRNAs also suggest independent origins for the chloroplasts of red and green algae. The Ti oligonucleotides of Porphyridium chloroplast 16S rRNA are more homologous to the Ti oligonucleotides of the blue-green algae than they are to the Ti oligonucleotides of Euglena chloroplast 16S rRNAs (47, 48, 126) , although this conclusion has been disputed (397) .
The hydrogenosomes of the anaerobic protozoan Tritrichomonas foetus contain circular DNAs about 3 ,um long. Hydrogenosomes generate adenosine triphosphate from glycolytic pyruvate by a substrate level phosphorylation pathway which uses coenzyme A and releases H2, CO2, and acetate (87, 273, 385, 387) . This pathway is reminiscent of the pathways found in strict anaerobes and is more likely the product of symbiosis with an anaerobe than the terminal evolutionary stages of an advanced oxidative and photosynthetic procaryote. Thus, eucaryotic organelles and their associated DNAs have a polyphyletic origin, which is consistent only with the endosymbiotic hypothesis.
TENTATIVE PHYLOGENIES OF ORGANELLE DNAs
With this background, it is now possible to propose tentative scenarios for the evolution of chlDNAs and mtDNAs. These scenarios assume an endosymbiotic origin for organelle DNAs. They also assume that the primary trend in organelle DNA evolution has been toward genome reduction, that organelle DNAs of multicellular organisms have retained primitive traits due to genome stabilization, and that the mtDNA genetic codes diverged from the universal code by a sequential series of mutations which occurred after the mitochondrial symbiont became established.
Evolutionary History of Chloroplast DNAs The chloroplasts of each algal group were derived from a separate endosymbiotic event. The chloroplasts of-red algae are descendants of the blue-green algae. The chloroplasts of green algae (Chlorophyta and Euglenophyta) and the higher plants are descendants of the Prochlorophyta (306) . The chlorophyte algae gave rise to the vascular plants (340, 341) , and the vascular plant organelle DNAs became stabilized at an intermediate stage in chlorophyte organelle DNA evolution. The protochloroplasts were highly evolved eubacterial cells with 2,000-to 4,000-Md unicircular genomes and standard bacterial rRNA operons and transcription and translation signals.
Once established, the chlDNAs of the chlorophyte algae began to evolve by genome reduction, both by deletion of duplicated functions and by transfer of genes to the nucleus. The chlDNAs of Acetabularia (1,500 Md), Chlamydomonas (170 to 200 Md), vascular plants (100 Md), and C. fragile (56 Md) represent intermediates in this process. By the time that the 200-Md Chlamydomonas chiDNA had developed, the number of rRNA operons had been reduced to two, and these were arranged in an inverted repeat. This arrangement was preserved in vascular plant chlDNAs, perhaps because it helped stabilize the genome (295) . It is possible that this VOL . 46, 1982 on January 4, 2018 by guest http://mmbr.asm.org/ Downloaded from 228 WALLACE may be a general mechanism for stabilizing small circular genomes, since the 500-Md genome of Mycoplasma capricolum is known to contain two rRNA operons (319, 377) . Further reductions in chlDNAs probably resulted in the loss of one of the rRNA operons. Throughout the progression from prochlorophyte bacteria to vascular plant chIDNAs, the gene organization of the rRNAs and the nucleotide sequences of the transcription and translation signals were conserved. In certain organisms, however, additional DNA elements were inserted into the rRNA and tRNA genes. The rRNA spacer tRNAs in the chIDNA of the progenitor of the vascular plants picked up (386) . The latter possibility is supported by the observation that the Euglena cytosolic phenylalanine tRNA is more homologous to animal cytosolic phenylalanine tRNAs than to the cytosolic phenylalanine tRNAs of plant cells (89) .
The chlDNA of the golden alga Olisthodiscus is composed of three circles and thus is totally different from the chlDNAs of the green algae. Whatley and co-workers (386, 387) have proposed that the chloroplasts of the red algae, green algae, euglenoids, and land plants evolved after ingestion of procaryotic algae, whereas the chloroplasts of the remaining eucaryotic algal groups evolved after ingestion of other eucaryotic algae. If this proposal is correct, then the photosynthetic organelles of Olisthodiscus might be expected to retain three DNA components, one each from the nuclear genome, the chlDNA, and the mtDNA.
Evolutionary History of Mitochondrial DNAs
The diversity of mtDNAs and their small genome size make it more difficult to propose an internally consistent evolutionary scenario for mitochondria. Both the number of individual symbiotic events and the nature of the original symbiont are unclear. On the basis of cytochrome c data, three independent origins of mitochondria have been proposed: one yielding modern Tetrahymena mitochondria; another yielding Crithidia and Euglena mitochondria; and a third yielding the fungal, animal, and plant mitochondria (118) . An analysis of 5S rRNA sequences has led to the alternative suggestion that the mitochondria of green algae and vascular plants had a separate origin from the mitochondria offungi and animals (213) . The molecular data on mtDNAs do little to clarify this question. It could be argued that closed circular, linear, and multiple circular mtDNAs had separate origins. However, at least one yeast contains a linear genome, making the significance of these differences unclear. The simplest hypothesis is that all mitochondria diverged from a single symbiotic event, which occurred early in the evolution of the eucaryotic nuclear line (253, 254) . This supposition is used for the discussion below.
The nature of the protomitochondrial genome is not known. The small and varied mtDNAs of extant organisms indicate that modern mtDNAs have evolved far from their procaryotic progenitors. Cytochrome c sequences, Ti oligonucleotide sequences of wheat mitochondrial 18S rRNA, and sequences of conserved regions of the large rRNA gene all suggest that the protomitochondrion was an advanced oxidative bacterium. However, given the fluid gene arrangement found in plant and yeast mtDNAs, the absence of bacterial rRNA operon organization in plant, fungal, and protozoan mtDNAs, the unique intron-encoded mRNA splicing system of yeast, the low level of rRNA methylation, and the methionine initiation tRNA with similarities to the archaebacterial initiation tRNA (248) (363) (364) (365) 377) .
Regardless of the nature of the genome of the symbiont, it is clear that after it became established, the mtDNA genome became highly fluid. This stage has been preserved in the complex organization of vascular plant cell mtDNAs. This early mtDNA structure may also have included the A+T-rich spacer arrangement and the exon-intron splicing system found in modem yeast mtDNAs. Such a dynamic mtDNA would have facilitated the loss of extraneous genetic material and the rapid transfer of genes to the nucleus.
During this period, the constraints on tRNA codon recognition were relaxed, permitting a substantial reduction in the number of tRNA genes and a loss of tRNA redundancy. The resulting coding system with one or a few tRNA genes per amino acid became highly susceptible to mutations and started to drift away from the universal code.
The chlorophyte alga and vascular plant mtDNA lineage diverged from the animal and fungal lineage at about this time. This may have been due to the acquisition of a prochlorophyte algal symbiont in the chlorophyte line. Soon thereafter, the mtDNA of one member of the chlorophyte algae acquired a mutation in the anticodon of one of its tryptophan tRNAs, resulting in a tRNA which recognized the CGG codon instead of UGG. Along with the accompanying bacterium-like chIDNA, this mtDNA became stabilized by the development of multicellularity in this line and the evolution of higher plants. Organelle DNAs of the remaining chlorophyte algae continued to experience mtDNA and chlDNA reduction.
Presumably, the animal and fungal mtDNA lineage retained the A+T-rich gene spacers and intron-encoded splicing enzymes and continued to experience rapid mtDNA reduction. Eventually, sufficient genes were lost so that a mutation in the anticodon of the tryptophan tRNA to recognize both the tryptophan codon and the opal stop codon did not destroy any vital genes. This change permitted subsequent mutation of the mtDNA tryptophan codons to opal, which yielded a natural barrier to the translation of mitochondrial mRNAs by the cytosol translational system. This increased cellular efficiency and was fixed by selection. As an increasing proportion of the tryptophan codons mutated to opal, the genes containing these codons could no longer function within the nucleus. This slowed the nuclear transfer of mitochondrial genes. During this period, other algal symbioses occurred, yielding some of the current algal groups. Ultimately, the mtDNAs retained only the genes for rRNAs, tRNAs, a ribosomal protein, cytochrome b, COI, COII, COIII, mtATPase subunits 6 and 9, and eight or nine other polypeptides.
The fungal and animal mtDNA lineages then diverged. The fungal line continued to retain the A+T-rich spacer and the intron splicing systems, the latter being confined to the cytochrome b and COI genes. Additional gene reductions resulted in the loss of most of the polypeptide genes, except the genes for ribosomal protein, cytochrome b, COI, COII, COIII, and mtATPase subunits 6 and 9. The filamentous fungal line then diverged and lost the mtATPase subunit 9 gene. The yeast mtDNA lineage continued to modify its genetic code, one change resulting in the specialization of its arginine tRNA (3'-GCU-5') for use in intron sequences. The anticodon of this tRNA mutated to 3'-GCA-5', thus creating two new stop codons. This provided protection for the mitochondrion from the influx of cytosolic mRNAs.
In the animal mtDNA lineage, gene rearrangements continued to occur and the mtATPase subunit 9 gene was transferred to the nucleus. Ultimately, virtually all of the protein-encoding sequences and rRNAs were separated by tRNA genes. This arrangement permitted the use of the tRNA secondary structure as a signal for processing of the mtDNA transcripts. Thus, the A+T-rich spacers were unnecessary and were deleted, resulting in a two-to fivefold reduction in genome size. The 3'-UCU-5' arginine tRNA was also deleted, creating two new stop codons and blocking the translation of cytosolic mRNA which entered the mitochondrion. A cell harboring this mtDNA developed multicellularity, which fixed the number of polypeptides coded in the mtDNA at nearly twice the number found in yeast.
Analyses of the mtDNAs of other organisms might be useful in defining the phylogenetic relationships of these organisms. A determination of the codons used for tryptophan in Euglena mtDNA might permit the placement of the oxidative host cell in either the plant or animal lineage and thus resolve the question of whether the chloroplasts of the euglenoid and chlorophyte algae had the same or independent origins. Similarly, the phylogenetic affinities of the other eucaryotic algae, the Trypanosomatidae, and the Ciliata might be clarified by analyses of the genetic codes and polypeptides of their mtDNAs.
These chIDNA and mtDNA phylogenies are admittedly tentative and, in many cases, quite speculative. However, they do provide a valuable framework for organizing information and designing experiments. One 
